Abstract: When the energy of a short laser pulse is localized in a fluid material, a flow motion is induced that can lead to the generation of free-surface jets. This nozzle-free jetting process is exploited to print conductive materials, typically metal nanoparticle inks, but this approach remains limited to the transfer of low viscosity fluids with a minimum feature size of few micrometers. We introduce a dual-laser method to achieve reproducible high-aspect-ratio jets from thin solid films. A first laser irradiation induces the melting of copper thin films and a second synchronized short pulse irradiation initiates the jetting process. Using time-resolved microscopy, we investigate the influence of the film thickness on the flow motion mechanisms and the ejection dynamics. For a wide range of laser fluences, we present observations similar to those obtained when the jets are generated by a single laser pulse from liquid donor films. The use of a solid film allows reducing the film thickness and then the volume of transferred material. Finally, we analyze these results in the perspective of using this double pulse LIFT technique for additive manufacturing of nano-micro-structures. Stable jets are formed from the copper films over distances exceeding 50-μm and are exploited to demonstrate periodic printing of 1.5-μm diameter droplets.
introduction
Liquid jet formation is a basic phenomenon which has been extensively studied for more than a century because of its importance in various natural processes and applications [1, 2] . Its occurrence relies on multiple interactions between complex hydrodynamic mechanisms and on many material properties, including surface tension and viscosity. Nozzle-based ink-jet printing is one of the examples of an industrial printing process developed thanks to the control of the dynamics of such liquid jets. However, the next engineering challenge is to achieve submicrometer resolution printing of any material for advanced 3D additive nano-micro-fabrication.
Laser-induced forward transfer (LIFT) [3] whose basic concept consists in the backside laser irradiation of a thin donor film to transfer small amounts of material on a target set nearby has already shown its potential for printing applications [4] in microelectronics [5, 6] , OLEDs [7, 8] , sensors [9, 10] , MEMS [11] ,biomedical engineering [12, 13] and micro-optical elements [14, 15] . The method can be applied to fluids including liquids, inks [16] or pastes [17] providing intrinsically improved printing resolution compared to nozzle-based techniques because micro-jetting is achieved from thin donor films (1-100 μm). Another unique advantage of LIFT is the possibility to transfer materials in solid phase. This process is driven by laser-induced mechanical breakup of the thin donor film and the ejection of solid pixels with minimum feature sizes down to ≈ 10 μm.
A potential solution for a versatile ultra-high resolution printing solution was revealed when an ultrashort laser pulse was used to create a liquid jet from a solid material [18] . However, the approach has not been so far widely adopted due to its practical complexity [19] [20] [21] [22] . This arises because one needs to achieve with a single laser interaction unlikely conditions to first melt the solid material and control the balance between surface tension and viscosity, and second to provide the right amount of energy to induce the appropriate fluid motion for the formation of free-surface liquid jets. In practice, this leads to extremely narrow and material-specific processing windows (when existing).
Here, we introduce a double-pulse concept to address these limitations linked to the transfer in liquid phase from a solid film. Laser printing with a double-pulse approach has previously been reported using trains of identical pulses either in the nanosecond [23] or femtosecond [24] regime. These studies showed some improvements of the printing performances but without investigation of the transfer mechanisms behind these observations. Our approach is based on the use of two laser pulses, with different pulse duration, and an accurate control of each pulse energy and of the delay between them. The motivation is to independently control change of the material properties thanks to the first microsecond pulse and to induce the material ejection with the second ultrashort laser pulse. We use time-resolved microscopy to study the laser induced formation and propagation of high-velocity nanojets from solid copper films. When uniform local melting of the film is achieved, the second laser pulse leads to the generation of long and stable jets, similar to those generated from inks by single laser irradiation [25] , for an impressively large range of laser parameters. Finally we print a matrix of micrometer copper dots with the double-pulse LIFT approach to demonstrate its potential for the challenging additive fabrication of microdevices or architectured multi-materials.
Methods

Single-and double-pulse LIFT
Our experimental arrangement is depicted in Fig. 1(a) . It allows performing: single or doublepulse LIFT, time-resolved shadowgraphy of material transfer (lateral imaging) and precise positioning of laser beams and materials. The laser source used to achieve the melting of the donor film is a so-called quasi-continuous wave (QCW) laser (IPG Photonics, YLR-150/1500-QCW-AC-Y14) emitting, at 1070-nm wavelength, pulses of variable duration from 50 μs to the continuous wave operation. After this first QCW laser irradiation, a Nd:YAG picosecond laser (Continuum, Leopard S10/20) delivers, at 355-nm wavelength (third harmonic), pulses of 50-ps duration (FWHM) which are focused at the center of the melted region to induce material ejections. To do so, both beams enter collinearly through the same microscope objective (Olympus, Plan Achromat, NA=0.40). The spot diameter at the copper-donor interface with the picosecond laser is expected to be ≈ 1μm. To achieve a much larger melted area, the spot size of the QCW laser is increased by focusing the beam before the objective using a lens. According to the observation of the modified regions, the spot diameter is about 130 μm at the copper film surface. The power of both lasers are independently adjusted using half-wave plate and polarizer combinations. The positioning of the two beams and the systematic inspection of the donor film is facilitated by a customized reflection microscopy arrangement. As an illustration, an image of the donor copper film after a double-pulse irradiation is shown in Fig. 1(b) . On this image, one can see a central small dark spot corresponding to the residual crater left after the material ejection and a surrounding bright circular region corresponding to the zone pre-melted by the QCW laser pulse.
Time-resolved observation of the ejections
Time-resolved shadowgraphs of material ejections are recorded using a CCD camera (QImaging, QICAM) mounted on a second customized microcopy arrangement based on a long working distance microscope objective (Mitutoyo, M Plan Apo SL, NA=0.28) and a tube lens for 20× magnification. Bright-field flash illumination is provided by a NANOLITE nanosecond flash lamp (High-Speed Photo-Systeme, KL-M). The flash duration of 12 ns determines the temporal resolution of the acquisition system. A digital delay generator (Stanford Research Systems, DG645) is used to precisely synchronizie, with adjustable delay, the double-pulse process with shadowgraph imaging. As shown with the inserted chronogram in Fig. 1 (bottom right), we set the double-pulse sequence by precise synchronization of the picosecond pulse with respect to the falling edge of the sub-millisecond pulse.
Results and discussion
Single-and double-pulse LIFT with different donor thicknesses
Donor copper films with thicknesses from 180 nm to 620 nm are deposited on glass microscope slides by thermal evaporation. Figure 2 presents shadowgraphy images of material ejections from those films obtained for both single-pulse and double-pulse LIFT experiments while the laser fluence is varied. To compare the typical features in each situation, the delay for shadowgraph imaging has been adjusted in the range 250-300 ns depending on conditions. Figures 2(a1)-2(a3) show ejections from a 180 nm copper film induced by a single picosecond pulse irradiation. Ejections under similar situations have already been observed and explained [26] : for low and intermediate fluence regimes (F ≤ 720 mJ/cm 2 ), cap-like and elongated features (also called jet-like) are observed, and for the high fluence regime (F ≥ 1000 mJ/cm 2 ), uncontrollable spraying processes occur. The physical mechanisms corresponding to each regime are thermally-induced stress for the cap-like regime, fluid motion of the melted layer for the jet-like regime and partial evaporation for the spraying regime [26] . For comparison, Figs. 2(a4)-2(a6) show ejections by double-pulse LIFT corresponding to conditions similar to the single-pulse ejections except that a first-pulse of 120-μs duration and 2.57-mJ energy (QCW laser) is applied to melt the film before the material ejection. We can observe that the ejection dynamics are very similar to those generated by a single laser pulse, whatever the fluence. To explain that, we must consider the thermally affected depth l th = 2 √ Dτ (D: thermal diffusion coefficient, τ: pulse duration) [27] , induced by the picosecond pulse irradiation which is about 150 nm. This value being very close to the thickness of the copper film, there is only a modest temperature gradient created throughout the whole film thickness, while a strong gradient is required for the generation of stable liquid jets.
In order to achieve stronger temperature gradients in such a thin film and demonstrate the potential of the double pulse LIFT approach, one option would be to use shorter pulses, down to femtosecond regime, to reduce the thermally affected depth. However, for simplicity reasons, we chose to use thicker films while keeping the same irradiation conditions. First, we have repeated the experiments with a 410-nm thick copper donor film. For the double-pulse LIFT ejections shown in Figs. 2(b4)-2(b6) , the formation of stable, uniform and long jets is observed over a range of laser fluences from 530 to 1000 mJ/cm 2 . The afterward re-solidified jet at the donor substrate surface observed in these conditions, shown in Fig. 2(d2) , points out the motion of the melted copper at the donor free surface. This image confirms that the ejection mechanism is based on a fluid mechanic process [28] . All images of ejection have been captured at the same time delay of 280-ns, thus the difference of lengths is related to the increasing jet propagation velocities with the deposited energy. For single-pulse LIFT [see Figs. 2(b1)-2(b3)], we observe when increasing the fluence, a significant elongation of the jet-like behavior. In this configuration, the copper film thickness (410 nm) is 2.5 times thicker than the thermally affected depth within the picosecond pulse duration. Then, a laser fluence value can be found for inducing the melting of the whole layer together with the vaporization of a suitable amount of copper at the interface with the glass substrate to induce enough force for fluid motion and jet formation. As suggested by M. Zenou et al. [29] , when the melted material front reached the free surface there exist some solid barriers around the central melted region leading to a so-called thermally induced nozzle (TIN) transfer. Figure 2(d1) shows such a quasi-nozzle at the donor surface that illustrates this process. It is worth noting that even if we qualify the process as jet transfer because of the elongated shape of the material seen in the shadowgraphy images, the jets are not as uniform and well-defined as those of the double-pulse LIFT [see Figs. 2(b4)-2(b6)] highlighting the differences of mechanisms occurring in single and double-pulse LIFT.
For further investigation and to enhance these differences, we also used a 620-nm thick copper film as donor. With single-pulse LIFT, when the fluence is lower than 2410 mJ/cm 2 [refers to . For each ejection image, the white dash line stands for the location of the donor film and the shady region near the donor film is due to tilted imaging and laser-induced changes of the surface reflectivity. Fig. 2(c1) ], the copper film is not fully melted or evaporated and the deformation force generated in the confined interaction volume is not strong enough to induce any material transfer. For a medium fluence such as 3270 mJ/cm 2 [refers to Fig. 2(c2) ], a TIN transfer is obtained. The corresponding quasi-nozzle on the donor film is shown in Fig. 2(e1) . For higher fluences such as 4400 mJ/cm 2 [refers to Fig. 2(c3) ] the free surface is melted leading to the formation of a well-defined liquid jet (partially visible at the bottom of the image), but a larger amount of copper is vaporized inducing also a spray-like ejection behind the jet. In these cases, the deposition becomes very hardly controllable and debris are systematically found on the receiver substrate after transfer (not shown here). By contrast, for double-pulse LIFT ejections shown in Figs. 2(c4)-2(c6), the energy of the picosecond laser pulse is systematically deposited in a fully melted liquid layer thanks to the irradiation with the QCW laser pre-pulse. This makes possible the formation of stable, uniform and long jets over a large range of fluences. They are observed along distances exceeding 60 μm and the fluence process window for jet formation with the picosecond laser ranges from 1690 mJ/cm 2 to 4480 mJ/cm 2 . Moreover, Fig. 2(e2) presents a SEM image of re-solidified copper on the donor surface after such double-pulse LIFT. In this thick copper film case, the observed ripples are due to fluid motion in the melted copper pool and revealed here by the fast re-solidification process. 
Time-resolved shadowgraphs of double-pulse induced jets
For further investigation of these jetting behaviors, time-resolved shadowgraphs of double-pulse LIFT from a 620-nm copper film are shown in figure 3 . As for figures 2(c4)-2(c6), a first-pulse with 250-μs duration and 13.4-mJ energy pre-melts the copper film and a picosecond pulse with 3620-mJ/cm 2 fluence induces the transfer that is imaged for different delays from 25 to 475 ns. As previously observed [25] , the transfer process starts with the surface deformation, that can be attributed to the generation of a localized vapor due to the evaporation of the copper at the film-substrate interface, inducing the fluid motion and the jet formation. This deformation has a triangular shape and can be observed until a delay of about 150 ns. Then, the jet progressively elongates reaching its longest and most uniform morphology at 200 ns. Eventually, for delays exceeding 325 ns, the jet detaches from the donor surface and furthers breaks up into droplets due the Rayleigh-Plateau instability [30] . Therefore, when the gap between donor and receiver is large (> 50 μm in here discussed situation), this instability may result in pieces of the jet that break off and are deposited as satellite droplets on the receiver. This dynamics of the jet formation and expansion is similar to the one observed for the LIFT of silver nanoparticle inks in the picosecond regime [31] . Interestingly, melted copper and silver inks exhibit both a viscosity of few millipascal-seconds [32] making reasonable the hypothesis of identical fluid motion mechanisms. It is worth noting that the fluences required to initiate these jets are more than one order of magnitude higher for melted copper than for silver inks. That is due to first the low evaporation temperature of ink solvents compared to bulk copper and second the higher material density of copper compared to silver inks containing only 20% of metal.
Discussion
When a single 50 ps picosecond laser beam irradiates the thick solid metal film through the glass substrate, the temperature gradient induced in the metal can lead to the formation of three phases: a solid layer near the metal air interface, a "vaporized material" layer near the donorsubstrate interface and a liquid layer between the two previous ones. The thickness of each layer depends on the laser fluence and the time delay after the irradiation. The importance of these layers has been discussed in [26] . The pressure increase in the volume of vaporized layer will provide the kinetic energy required to induce the fluid motion, and eventually to break the solid layer in order to form a thermally induced nozzle (TIN) as suggested in [29] . As a first conclusion, our observations suggest two critical prerequisites for the formation of liquid copper jets: first, the donor film must be melted over its full thickness; second, the local temperature and pressure conditions at the substrate-donor film interface must be high enough to induce a partial vaporization of the film and generate a sufficient deformation force. These criteria are obviously difficult to fulfill together with a single pulse irradiation and, when successful, lead to very narrow and material-specific processing windows [33] . Interestingly, we show that the use of a QCW laser allows to locally rise uniformly the temperature of the film, and ultimately its melting over its full thickness. Then, the subsequent irradiation with a short laser pulse brings the appropriate amount of energy required to induce the jetting mechanisms. This dual-laser method provides the freedom to accurately control the film properties and the material transfer independently. In double pulse LIFT mode, the picosecond laser irradiates a pre-melted liquid layer, and its unique purpose is to vaporize a sufficient volume of the layer near the substratedonor interface in order to rise the pressure in this confined volume and provide the kinetic energy required to induce the fluid motion. In this configuration, the jet formation relies on the volume expansion of the vaporized metal and the mechanisms are similar to those described for the blister LIFT [34] .
Finally, to demonstrate the potential of this double-pulse approach for the printing in liquid phase of initially solid materials, we have set a silicon receiver substrate at ≈ 55 μm in front of the donor substrate and used the same conditions as those described in figure 2(b6) to form a uniform thin jet. In this experiment, we repeated the double-pulse LIFT at different locations of the receiver surface separated by 50 μm to print a regular array of copper droplets. Figure 4 (a) presents an optical image of a region of the printed array. Because of the small size of the droplets, near the resolution limit for wide field microscopy, we have used dark-field microscopy for contrasted imaging of the feature locations. Figure 4(b) is a SEM image of a typical solidified copper droplet printed on the receiver. Each droplet exhibits a diameter of around 1.5 μm. The process being not fully optimized, we can observe few nano-droplets next to the main one. They are due to the breaking of the thin copper jet before reaching the surface.However, the transfer of the melted metal in jet ejection regime avoids the generation of debris generally observed with single pulse LIFT in cap or spray ejection regime [21, 26] . The generation of long and stable liquid metal jets thanks to the double pulse LIFT approach will help the printing of debris-free structures.
These results also point out the current limitation of the setup to address the challenge of nano-printing. The transfer of sub-micrometer pixels requires the use of a thinner metal film. In such conditions the generation of a temperature gradient to vaporize only a small layer of the film make the use of an ultrashort pulse, in the femtosecond regime, necessary.
Conclusions
In conclusion, we have reported the formation and expansion of liquid metal jets from a solid metal film thanks to a double-pulse irradiation process. Long and stable liquid metal jets have been observed for a wide range of irradiation conditions and film thicknesses. We have concentrated the demonstration on copper but the concept is general and can be directly applied to any pure metals, alloys, and semiconductors. Provided that ultrashort pulses are used, the approach is also likely compatible with material transfer from ultra-thin films which is a challenging requirement for the consistent printing of nanodots [35] . This must open a way for the flexible synthesis of 3D microstuctures (e.g. bio-inspired architectures) and ultimately advanced nanomaterials as metasurfaces and 3D photonic crystals which are today inaccessible by LIFT.
